The substrate tuning technique was applied to a radio frequency magnetron sputtering system to obtain a variable substrate bias without an additional source. The dependence of the substrate bias on the value of the external impedance was studied for different values of chamber pressure, gas composition and rf input power. A qualitative explanation of the results is given, based on a simple model, and the role of the stray capacitance is clearly disclosed. Langmuir probe measurements show that this system allows independent control of the ion flux and the ion energy bombarding the growing film. For an argon flow rate of 2.8 sccm and a radio frequency power of 300 W ͑intermediate values of the range studied͒ the ion flux incident on the substrate was 1.3ϫ10 20 m Ϫ2 s Ϫ1 . The maximum ion energy available in these conditions can be varied in the range 30-150 eV. As a practical application of the technique, BN thin films were deposited under different ion bombardment conditions. An ion energy threshold of about 80 eV was found, below which only the hexagonal phase was present in the films, while for higher energies both hexagonal and cubic phase were present. A cubic content of about 60% was found for an ion energy of 120 V.
I. INTRODUCTION
The effects of ion bombardment during the growth of thin films has been widely reported. 1 It changes the properties of thin films, such as morphology, composition, structure, stress, electrical conductivity, and others. Various mechanisms have been proposed to account for these effects: ion implantation, preferential sputtering, transfer of momentum or energy from ions to growing film. These effects strongly depend on the intensity of bombardment which, in turn, is determined by both the ion flux and the ion energy. Moreover, a critical value of the ion/atom arrival rate ratio, which depends on ion energy, has often been found to improve the properties of the films, such as stress relief in evaporated Ge films, 1 hardness of carbon nitride coatings 2 or the synthesis of the BN cubic phase. 3 Therefore, an accurate control of bombardment intensity is needed in order to deposit films with the desired properties.
In addition to techniques in which an ion beam is directed at the growing film, the deposition methods based on plasmas involve varying intensities of ion bombardment of the substrate. Even when the substrate is grounded, a certain degree of ion bombardment is present as the plasma potential is always positive in relation to ground. When an ionassisted deposition is desired, a negative dc bias voltage need to be developed at the substrate electrode. For nonconducting materials the dc bias voltage is commonly supplied by an additional rf source. But there is a simple alternative called ''substrate tuning.'' This method, first developed by Logan 4 in a rf diode sputtering system, is based on an adjustable external impedance between the substrate holder and ground. As a consequence, the flow of rf current through the substrate varies, which induces a controlled dc bias potential at the film surface.
Magnetron sputtering has become one of the most widely used techniques in both research and production of thin films. 5 In a rf magnetron sputtering system, the discharge is confined close to the cathode surface by the magnetic field. This allows work at lower pressures, which makes the sputtering of the target more effective and increasing the growth rate. However, as the discharge is confined close to the target, a less dense plasma is located close to the substrate electrode, resulting in a low ion bombardment there. But if the magnetron cathode is not completely balanced, the plasma region extends along the axis towards the substrate. 6 In this article we present the results of the substrate tuning technique applied to a rf magnetron sputtering system. The dependence of the substrate bias on the external impedance is studied for different values of chamber pressure, gas composition, and rf input power. The ability of this system to regulate the ion bombardment on the substrate is discussed. We also present the results of depositing boron nitride ͑BN͒ thin films in different bombardment conditions using this technique.
II. EXPERIMENT
The sputter chamber consisted of a cylindrical vessel with a diameter of 40 cm. A base pressure of about 10 Ϫ4 Pa was established in the chamber before the sputtering started. Two independent mass flow controllers were used to regulate argon and nitrogen flows. The total gas flow was varied between 1.4 and 5.6 sccm, which corresponds to a variation of the total pressure between 5ϫ10 Ϫ2 Pa and 2ϫ10 Ϫ1 Pa. Figure 1 shows a diagram of our experimental system. An US'GUNII magnetron cathode was placed near the center of *Published without author corrections. a͒ Electronic mail: alousa@electra.fae.ub.es the chamber with a nonconducting target ͑hexagonal BN͒ 3 in. in diameter, and connected to a rf power source through an automatic matching network. The parallel magnetic field measured in the erosion zone on the target was 37 mT. On the substrate surface the magnetic field was perpendicular, with an intensity of 3.5 mT. This situation corresponds to a somewhat ''unbalanced'' magnetron, 7 in which some of the field lines from the annular magnet do not pass into the cylindrical central magnet.
The substrate holder was placed 4 cm from the cathode, parallel to it, and had a ground shield aperture similar to that of the target. An external tuning device, consisting of a fixed inductor and a variable blocking capacitor in series, was placed between the substrate holder and ground in order to obtain a variable plasma-to-ground impedance. Polished low doped Si crystalline ͑100͒ wafers and Corning 7059 glass were used as substrates. The fixed deposition conditions are shown in Table I , the substrate self-bias being the variable parameter. Film composition was determined from electron probe microanalysis ͑EPMA͒ measurements, and film structure was studied by Fourier transform infrared absorption spectroscopy ͑FTIR͒. Figure 2 shows the experimental dependence of substrate bias on tuning network capacitance, for an argon flow of 1.4 sccm and rf power of 200 and 500 W. A sharp minimum ͑a negative maximum͒ of substrate bias is obtained when the net inductive reactance of the tuning network resonates with the substrate sheath capacitance, as discussed below. This is accompanied by a visible focusing of the plasma into the region between the target and the substrate. High values of negative substrate bias are limited by the presence of stray capacitance in the system. This effect is clearly observed in Fig. 3 , where an additional positive maximum of substrate bias appears, along with a reduction of the negative maximum value, when the stray capacitance is not minimized. Figure 4 shows the dependence of the negative maximum substrate bias on the rf input power to the magnetron cathode for different gas flows and gas compositions. Little dependence of substrate bias on power is observed.
III. RESULTS
The infrared spectra of two characteristic BN films are shown in Fig. 5 . All the films in this series were deposited in the experimental conditions shown in Table I , with the exception of substrate bias. These spectra were obtained by calculating the ratio of the experimental spectra of the BN coated substrate to a background scan taken from an uncoated substrate.
IV. DISCUSSION
The peak in negative substrate bias observed in our rf magnetron sputtering system has a similar behavior to that reported for rf diode sputtering systems. 4, 8 This behavior has been attributed to series resonance between the inductive tuning network and the capacitive substrate sheath. 4, 8 Although a theoretical model of rf sputtering systems has been developed, 8 it is difficult to apply to other results owing to the lack of explicit solutions to the equations. Here we use a simple model ͑Fig. 6͒ to account qualitatively the main features in our system. The plasma boundaries at each of the three electrodes ͑target, substrate, and wall͒ are represented by three capacitors. The possible presence of stray capacitance is represented by a capacitor C st , in parallel with the L-C tuning impedance. This equivalent circuit presents a minimum and a maximum of impedance in the path from the plasma to ground through the substrate for the conditions of resonance and antiresonance, respectively. For a fixed value of L, the corresponding values of C are:
This model gives a qualitative explanation of our experimental results. The rf current flowing through the plasma ͑from the cathode͒ I T is divided into the rf current to wall, I W , and the rf current to substrate, I S . A maximum of I S is obtained for the condition of resonance, and consequently a maximum of negative bias of the substrate ͑Figs. 2 and 3͒, since electrons have a higher mobility than ions. In the same way, either a minimum of the negative bias or a maximum of the positive bias of the substrate is predicted by our model for the condition of antiresonance for a capacitance C AR ϾC R , which is in accordance with our experimental results ͑Fig. 3͒. Moreover, as the stray capacitance C ST is reduced, the condition of antiresonance disappears, as observed experimentally ͑Fig. 2͒. Another experimental confirmation of the model is found in the dependence of C R on rf input power of Fig. 2 . As the rf power is increased, the sheath thickness decreases 5 and so C S increases, which lowers the value of C R ͓Eq. ͑1͔͒.
The behavior of different gases shown in Fig. 4 is similar to that observed in unbalanced dc magnetrons. 9 For a con- Table I . stant input power, the value of the substrate bias increases with decreasing pressure, as predicted from the general behavior of rf plasmas.
5,10
The energy of ions reaching the substrate is proportional to the potential V PS of the plasma with respect to the substrate. This energy is calculated by subtracting the substrate bias, V S0 , from the plasma potential with respect to ground, V P0 . A Langmuir probe 11 was used to measure V P0 , the electron temperature T e , and the plasma density N. Values of V P0 Ϸ40 V, T e Ϸ 8 eV and N Ϸ 5ϫ10 16 m Ϫ3 were obtained for an argon flow of 2.8 sccm and a rf power of 300 W. Note that these results are practically unaffected by changing the substrate bias through the tuning circuit. From these values and the Bohm sheath criterion, the ion flux to the substrate may be estimated, 12 and we found i ϭ1.3ϫ10 20 m Ϫ2 s Ϫ1 . On the other hand, using the resonance value of V S0 from Fig. 2 , the maximum value of V PS for these experimental conditions is 150 V.
Although the deposition conditions necessary for c-BN growth are not yet completely understood 13, 14 it is established that ion energy and ion flux are critical in c-BN deposition. 15 The FTIR spectra of Fig. 5 clearly show this effect. All films in this series were deposited under the same ion flux ͑as deduced from Langmuir measurements͒ and with different ion energies. Films deposited at ion energy below 80 eV ͑V S0 ϭϪ40 V͒ show the characteristic peaks of the hexagonal phase ͑ h-BN͒ of BN: at 1385 cm Ϫ1 ͑due to inplane BN mode of vibration͒ and at 780 cm Ϫ1 ͑due to the out-of-plane B-N-B bending mode͒. When the ion energy is increased to 120 eV ͑V S0 ϭϪ80 V͒ the contribution of the h-BN decreases, and a strong absorption band at 1060 cm Ϫ1 appears, corresponding to the cubic phase contribution ͑c-BN͒ in the film. These results, although not yet optimized, are comparable to those obtained by other techniques which require an additional rf source to achieve a controlled substrate bias. [16] [17] [18] On the other hand, when using an additional rf source to increase the negative substrate bias, the additional rf power supplied to the plasma may increase the plasma density and the associate ion flux, which means that these parameters cannot be controlled independently.
V. CONCLUSION
We have shown that the substrate tuned in a rf magnetron systems is a simple and effective method to achieve thin film deposition under controlled ion bombardment. A simple model allows us to interpret the experimental negative peak of the substrate bias as corresponding to a series resonance between the capacitance of the plasma sheath on the substrate and the inductive external inpedance. The presence of stray capacitance causes antiresonance which diminishes the resonance effect. Using the Langmuir probe it has been shown that ion flux and ion energy can be controlled independently. Ion flux is of the order of 10 20 m Ϫ2 s Ϫ1 , and ion energy can be varied in the range 30-150 eV. This method has been applied successfully to the deposition of BN thin films with a high content of the cubic phase.
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